Multiple linear regression equations predicting total skeletal muscle ( T M ) and total skeletal fat-free muscle (TFFM weight were developed from data of 33 beef cows. Animals varied in weight (385 to 749 kg), age ( 3 t o 10 yr), and fatness (.13 to 2.54 cm). A four-terminal impedance meter/ plethysmograph measured resistance and reactance on the live animals, exsanguinated (bled) animals, and on the subsequent hot and cold carcasses. Stainless steel, sterile needles (20-gauge) were used as electrodes. They were inserted to depths of 12.7 mm for measurements made before and after exsanguination and to 25.4 mm for carcass measurements. Cold carcass resistance and reactance were measured a second time using 13-gauge needles inserted to depth of 76.2 mm. Distance between detector electrodes was measured. Carcass sides were physically separated into muscle, fat, and bone. Chemical composition (moisture, protein, and fat) was determined on the muscle portion. Equations predicting TM weight from live, bled, hot carcass, and cold carcass data had adjusted R2 values of .90, .96, .94, and .92, respectively. Analogous adjusted R2 values for TFFM weight were 3 7 , .93, .90, and .87. Resistance was a predictor variable in all equations. The use of larger needles resulted in higher adjusted R2 values and inclusion of reactance as a predictor variable. Mallows Cp values were close to the ideal value of the number of independent variables in the prediction equations plus one( 1). Results indicate that bioelectrical impedance technology is a rapid, nondestructive, and accurate method for determining TM and TFFM weight of beef cows and carcasses. This demonstrates that bioelectrical impedance has the potential to be used as a valuebased marketing tool. Because these measurements can be easily obtained on live animals with no detrimental effects, it has the potential to be used for the genetic selection of superior animals.
Introduction
Value-based marketing and(or) processing of meat products is dependent on objective, accurate measurements of characteristics for which differential pricing and(or) processing can be based. Bioelectrical impedance has shown promise as a nondestructive method to assess weight of muscle, fat-free muscle, and retail-ready cuts of live and abattoir-processed pigs (Marchello and Slanger 1992; Swantek et al., 1992) , sheep (Cosgrove et al., 1988; Jenkins et al., 1988; Berg and Marchello, 1994; Slanger et al., 1994) , and beef (Johns et al., 1992; Slanger and Marchello, 1994) . Because of its accuracy, simplicity, and porta-J. h i m . Sci. 1994. 72:3118-3123 bility , bioelectrical impedance technology can be applied in commercial situations. It seems to be amenable to robotics application and could be an important tool in developing a value-based marketing system. The objective of this research was to assess the potential of bioelectrical impedance to predict skeletal muscle and fat-free skeletal muscle weight of beef cows.
Materials and Methods
A four-terminal bioelectrical impedance analyzer ( BIA, Model BIA-101, RJL Systems, Detroit, MI) was used to obtain resistance (Rs, ohms) and reactance (&, ohms) readings on 33 live cows before and after exsanguination (bled) and on their subsequent hot and cold carcasses. This BIA uses an alternating current of 800 pA a t 50 Khz. See Slanger et al. (1994) for information about the theoretical basis of bioelectrical impedance. The cows varied widely in weight (385 to 749 kg), age ( 3 to 10 yr), and fat cover (.13 to 2.54 cm). The animals were processed after an overnight withholding of feed at the U.S.D.A.-inspected abattoir (#7627) of North Dakota State University. Experimental protocol was approved by the Animal Care and Use Committee of North Dakota State University.
Twenty-gauge Vacutainer needles (Becton Dickinson, Rutherford, N J ) and 13-gauge stainless steel needles were used as electrodes. Needle diameter is inversely related to gauge size. The shorter (12.7 mm) ends of the smaller needles were fully inserted into the live and bled animal along the dorsal midline 10 and 20 cm caudal from the top of the shoulder (first thoracic vertebrae) and a t the tail head (first coxygeal vertebrae) and 10 cm cranial to it. The 25.4 mm ends (20-gauge) were inserted from the external side of the hot and cold (from a 24-h chill) carcass. Detector electrodes were placed at the midpoint of the width of the carcass along the sagittal plane a t the ball of the femur and the head of the humerus. The respective transmitter electrodes were inserted 10 cm caudal (into the round) and 10 cm cranial (into the shoulder) to the detector electrodes. Measurements on the hot and cold carcass were also obtained using 13-gauge needles inserted to a depth of 76.2 mm. Hot and cold carcass temperatures a t time of measurement were obtained with a standard meat probe thermometer inserted (12.7 cm) behind the midpoint of the aitch bone into the semimembranosus muscle. Hot carcass measurements were taken approximately 45 min after slaughter. Live animal and carcass weights and distances ( L , centimeters) between the two detector electrodes were recorded for each measurement. Approximately equal numbers of right and left carcass sides were measured.
The carcass sides from which all measurements were obtained were physically separated into muscle (TM), fat, and bone. These separate portions were weighed. The separated muscle was ground through a .95-cm plate, subsampled, and then ground through a .47-cm plate. Random subsamples of this ground product were lyophilized and then analyzed for moisture, protein, and fat (AOAC, 1990 observations except the ith, the standardized differences of each individual coefficient estimate resulting from the omission of the ith observation, and partial residual plots. See SAS (1991) for a discussion of these techniques. Appropriateness of equations were further studied by plotting residuals against predicted values and against values of each of the independent variables in the prediction equations. Relationships among variables were also studied by using partial correlation coefficients (Snedecor and Cochran, 1980) .
(predicted TM)] x 100 and [l -(actual TFFMY (actual TM>I x 100 were calculated. The extent to which various single independent variable additions to the prediction equations accounted for variation in TM and TFFM were tested with F tests. Table 1 shows the means, standard deviations, minimums, and maximums of measurements obtained from the live and bled animals and associated hot and cold carcass sides. Cold carcass temperatures ranged from 0 to 14.6"C at the time measurements were taken. Table 2 shows the multiple linear regression coefficients for predicting TM and TFFM weight from measurements on live and bled animals. Live and bled sample sizes were 32 and 30, respectively, instead of 33, because of missing measurements and two bled observations that were deemed outliers. Adjusted R2 values ranged from .87 to .96. Adjusted R2 values for bled animal measurements were higher, as were those for TM. The predictor variables for TM and TFFM were the same. These were weight, R,, and X, for live (SAS, 1991) .
Results and Discussion
Both the bled and live animal results indicate that there is potential for using bioelectrical impedance technology to select superior live animals for muscle. The National Cattlemen's Association is looking for an objective measure to assess muscle before hide removal. Our results indicate that this is possible.
The results from bled animals indicated a better regression fit than measurements on live animals based on adjusted R2 values. However, closer scrutiny puts this statement in doubt. The variance inflation factors and condition numbers were all well below values indicative of multicollinearity (SAS, 199 1) for all four equations. This means that the multiple linear regression coefficients presented in Table 2 are not expected to change much (i.e., they are stable) should they be reestimated with additional data, because the variances of the individual coeffkient estimators were not increased much by the correlations between the associated variables and other variables in the prediction equations. However, the equations from the live animal data were more stable than those from the bled animal data. The variance inflation factors for weight were close to the ideal value of 1 for the live animal data, whereas these factors were the largest (approximately 4) for weight with the bled animal equations. In other words, the data indicated that the prediction equations for live animals are more stable than those for bled animal equations. A variance inflation factor of 1/(1 -R:), where Rr is the coefficient of determination for the regression of the ith independent variable on all other independent variables. The variance of the estimator of the corresponding regression coefficient is larger by this factor than it would be if there were no multicollinearity. The less multicollinearity, the more stable the prediction equation (i.e., the value of the coefficients would not be expected to change much upon their reestimation with additional data [SAS, 19911). A variance inflation factor exceeding 10 may be cause for concern. None of the variance inflation factors of the regression equations of this paper were anywhere near this value of 10. All plots of residuals against predicted values and against independent variable values indicated constancy of residual variance and of adequate utility of a strictly linear fit. The plots of the live animal data were more indicative of these desirable situations than were the plots of the bled animal data.
Relationships among these dependent and independent variables were further studied with partial correlation coefficients. The estimated correlations between TM and TFFM and live Rs of animals of the same weight, L, and X, were -.473 ( P < . O l O > and -.608 ( P < . O O l ) , respectively. These correlations are expected to be negative, because larger amounts of fat increase resistance for the same amount of mass. This is because resistance increases as total body water decreases and total body water decreases with increased fat. The correlations between TM and TFFM and live L of animals of the same weight, R,, and X, were nonsignificant. The analogous correlations involving bled R, were also highly negative (-.723 and -.752; P < .001). However, the correlations with bled an = 32, electrodes were 20-gauge needles inserted to a depth of 25.7 mm. bStandard error and P-value of test that true coefficient value is 0, respectively, are given in 'Mallows Cp, adjusted R2, and residual error standard deviation, respectively. dn = 31, electrodes were 13-gauge needles inserted to a depth of 76.2 mm.
parentheses. L were also negative and significant ( -575 and -.432; P < .024). These values are not expected, because, the simple product moment correlations between TM and TFFM and bled L were highly positive (both rounded to .74; P < .001). The bled prediction equations are enigmatic because, unlike the equations of any other measurement situation, the signs of the L Coefficients were negative instead of positive. Table 3 shows the coefficients for predicting TM and TFFM weight from hot carcass measurements. Adjusted R2 values were .94 and .90 for kilograms of TM and kilograms of TFFM, respectively. Predictor variables were weight, R,, L, and &. Mallows Cp values were close to the ideal value of 5. Two observations were deemed outliers. The partial correlations calculated as described in the previous paragraph were as expected (i.e., TM and TFFM with Rs negative [P < .0011 and L positive [P < .0171). Measures of coefficient stability indicated stability of prediction equations and the plots of residuals indicated constancy of variance and high utility of a linear fit. Table   4 shows the coefficients for predicting TM and TFFM weights from cold carcass measurements taken with both smaller and larger electrodes. Adjusted R2 values ranged from 3 7 to .96. Predictor variables of the smaller electrode equations were weight, R,, and L.
The larger electrode equations included these three and &. No observations were deemed outliers. All coefficients had highly significant P values, although intercept P values ranged form .025 to .129. Results support using 13-gauge electrodes, because residual standard deviations were more than 1 kg less and Mallows Cp values were closer to ideal. Electrodes of larger diameter would presumably require less replacement in practical, routine robotics applications. The only negative aspect noted about the larger electrode equations is that measures of stability were not quite as favorable as for the smaller electrode equations. The partial correlations were significant and signed as expected. These correlations between TM and TFFM and Rs were higher with the larger electrode data than with the smaller electrode data Table 6 . Percentages of variation (R2 x 100) in kilograms of muscle (TM) and fat-free muscle (TFFM) accounted for by combinations of independent variables" measured on hot carcasses and cold carcasses (smaller and larger electrodes) of beef cows and results of testing for significance of R2 increases ( -3 4 [both rounded t o -341 vs -.65 [both rounded to
The smaller electrodeshot carcass and larger electrodedcold carcass prediction linear equations seem to be of equal utility. From a practical viewpoint, predicting TM and TFFM from hot carcass measurements would be more useful because the carcasses could be sorted online and placed in specific cooler bays.
These equations predict weight of TM and TFFM, not percentage of TM and TFFM. This is because packing plants would presumably base initial processing and marketing decisions on predicted weight of TM. As long as both of two carcasses with the same percentage TM fit within efficient processing parameters, the heavier of the two will be more valuable. In other words, weight information is initially more useful than percentage information. However, marketing advantages could accrue by having information on the amount of intramuscular fat. One minus the ratio of predicted TFFM:predicted TM x 100 is an estimate of the percentage of intramuscular fat. One minus the ratio of TFFM:TM x 100 provides the actual percentage of intramuscular fat. The correlations between predicted and actual intramuscular fat from the data of live and bled animals, hot carcasses, and cold carcasses (smaller and larger electrodes) were .74, .76, .69, and .74 ( .74); respectively.
Tables 5 and 6 provide unadjusted R2 values for various combinations of predictor variables and P values of tests for R2 increases. Table 5 shows this information for live and bled measurements. Length between detector electrodes did not contribute information in the live animal situation and X, seemed a marginal contributor. Length was a contributor in the bled situation, but only after both weight and Rs had been accounted for (i.e., L seemed to be needed more as an adjustment for the relationship between Rs and length than an indicator of volume). In general, the greater the conductor volume, the lower the L/Rs value. Reactance was not a contributing factor after animals were bled. It could be beneficial to use a direct measure of volume to predict amount of muscle with bioelectrical impedance technology. However, measuring volume in commercial application situations would be impractical.
Interpretation of R2 results becomes easier with the carcass data, and progressively easier going from hot carcass to cold carcass/smaller electrodes to cold c a r c a d a r g e r electrodes. Length starts to become a predictor of kilograms of TM and kilograms of TFFM in hot carcasses and is definitely so with cold carcasses. Reactance is important in the hot carcass situation, not in the cold carcasdsmaller electrode situation, but important again with cold carcasses measured with larger electrodes. It is hard to interpret this result with confidence. It could be an artifact of the standard deviation for X, measurements taken with the larger needles were twice that of the X, -.65]j. measurements taken with the smaller needles (Table  11. One fact is clear; resistance was an indicator of kilograms of TM and kilograms TFFM in every situation examined. This observation is consistent with the results of studies in rodents (Hall et al., 1989) , swine (Marchello and Slanger, 1992; Swantek et al., 19921, and humans (Lukaski, 1991) . Based on published data bioelectrical impedance is a safe, convenient, accurate method of assessing muscle and fat-free muscle in many species.
Implications
Bioelectrical impedance technology can be a rapid, nondestructive, and accurate method for determining the muscle and fat-free muscle content of mature live beef animals and beef carcasses. It can be used as a value-based marketing tool and has potential use for the genetic selection of superior animals.
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